The National Institute of Environmental Health Sciences (NIEHS) Superfund Basic Research and Training Program (SRP) funds a wide range of transdisciplinary research projects spanning the biomedical and environmental sciences and engineering, supporting and promoting the application of that research to solving real-world problems. OBJECTIVES: We used a case study approach to identify the economic and societal benefits of SRP-funded research, focusing on the use of potentially hazardous substance remediation and site monitoring tools. We also identified successes and challenges involved in translating SRP grantees' research findings and advances into application.
Introduction
Since its inception in 1987, the National Institute of Environmental Health Sciences (NIEHS) Superfund Basic Research and Training Program (SRP) has brought together researchers from the biomedical and environmental science and engineering fields . SRP researchers work together to study the health effects of potentially hazardous substances and to investigate effective and sustainable ways to clean up those substances at hazardous waste sites (Landrigan et al. 2015; Henry and Suk 2017) .
The SRP was established by the U.S. Congress to provide scientific support for the U.S. Environmental Protection Agency (EPA) and the Agency for Toxic Substances and Disease Registry (ATSDR) via the Superfund Amendments and Reauthorization Act (SARA) of 1986. SARA established a broad mandate and a set of objectives for the NIEHS to pursue within the SRP. Those objectives include the development of (a) advanced techniques for the detection, assessment, and evaluation of the effects on human health of hazardous substances; (b) methods to assess the risks to human health presented by hazardous substances; (c) methods and technologies to detect hazardous substances in the environment; and (d) basic biological, chemical, and physical methods to reduce the amount and toxicity of hazardous substances (NIEHS 2015a) .
The cornerstone of the SRP is the university-based, multiproject center grant program. SRP centers build teams of scientists and engineers from different disciplines to address issues related to reducing exposures to potentially hazardous substances, reducing environmental cleanup costs, and improving public health. The SRP places importance on research translation, putting research findings into the hands of the stakeholders who need them; this is done through efforts that include promoting application of research and moving technologies to the field (NIEHS 2015b).
The time between developing novel technologies and achieving economic and societal benefits can create challenges for quantifying the resulting benefits (Guinea et al. 2015) . We contend that a first step in determining and understanding the full range and breadth of the economic and societal benefits of SRP research is to examine SRP-funded projects from their research findings to application and to identify benefits that may stem from this application. In this commentary, we focused our assessment on remediation and site monitoring technologies aimed at addressing the SARA mandate to develop methods to reduce the amount and toxicity of potentially hazardous substances.
Identifying Benefits
Remediation research supported by the SRP places a focus on developing new technologies or methods to reduce or eliminate exposure to suspected hazardous substances that are faster, less expensive, and better than existing approaches. When selecting a remediation approach, a cost-benefit analysis of available remediation technologies is important. Some of these analyses focus on direct costs, such as comparing the costs of copper-recovery approaches with the financial benefits of selling recovered copper (Volchko et al. 2017) . Others extend beyond the remediation process to cover potential liabilities, employment gains/losses, and damages averted (Farr et al. 2016; Hardisty et al. 2006; Wan et al. 2016) .
In addition to typical measures of economic impact, we incorporated the unique and varying contributions of university-based research into a case study-based approach that includes societal and economic benefits criteria (Milat et al. 2015; Salter and Martin 2001) . For this commentary, we identified applications of SRP-funded projects with evidence of saving public or private funds or of reducing exposures to potentially hazardous substances. We also examined projects that have applied their research to create new companies, to pursue patents and licensing of technologies, to create new scientific instruments and methods, to form partnerships with stakeholders or with other researchers, to increase capacity for scientific and technological problem solving, and to train skilled graduates.
We identified 36 remediation, site monitoring, and detection research projects that met one or more of these criteria. We followed up with 28 researchers whose projects satisfied the criteria to learn more about the process that led to the application of their research in the field. Of note, a majority of the 28 were performing work with a goal of saving public or private funds and are in the process of developing technologies with potential cost-saving applications. We also followed up with relevant contacts in U.S. government agencies (19) and in the private sector (22), whom the researchers identified and/or who were involved at a site where the technology was applied, for a total of 69 primary and follow-up interviews.
Based on these interviews, we identified five research projects with the most complete information available on cost savings. These five projects serve as our case studies discussed below. The case studies demonstrate how SRP's support of basic research has provided fundamental knowledge to develop and apply these technologies. The case studies also provide evidence that the integrative research environment within the multidisciplinary centers has encouraged collaboration and has facilitated innovation.
Our assessment focused on implementation of new remediation and detection technologies aimed at reducing exposures. The recent Lancet Commission on pollution and health comprehensively assessed the impacts of air pollution and found massive economic impacts on productivity and health care costs (Landrigan et al. 2018) . That report highlighted how investing to reduce exposures can yield far-reaching human health and economic benefits. In our assessment, we examined the cost savings achieved by new technologies that produced the same or better results compared with conventional technologies. These savings reflect a low-end estimate of cost savings that does not consider the additional benefits of reduced pollution, which may be realized when a new technology is more efficient or effective. However, trying to capture those additional benefits is difficult and, at this stage, would be speculative.
Discussion

Case Studies with Documented Economic Benefits
Here, we present five case studies that highlight SRP-funded projects with the most complete information on cost savings. These projects also show the breadth of remediation and detection research funded by the SRP.
Case study 1: Phytoremediation with hybrid poplar and cypress trees. Researchers led by Milt Gordon, Ph.D., and Lee Newman, Ph.D., at the University of Washington (UW) SRP Center pioneered the use of hybrid poplar trees to remove trichloroethylene (TCE) and other chlorinated contaminants from groundwater. TCE is a known human carcinogen that is widely used as a metal degreasing agent and has been found in groundwater at many military and Superfund sites (National Toxicology Program 2016). The research from this project was the first to show conclusively that plants themselves, not just microorganisms associated with plants, are capable of degrading toxic compounds (Newman et al. 1997) .
With SRP funding, the researchers demonstrated that hybrid poplars could take up and degrade TCE under greenhouse and laboratory conditions (Newman et al. 1997) . They then demonstrated the poplar's potential for in situ remediation of TCE in the field. Results from a controlled field study showed that trees removed >99% of TCE present in groundwater and that <9% of the TCE transpired from the trees to the atmosphere (Newman et al. 1999) .
The phytoremediation system was installed as part of a remediation plan for the cleanup of a Superfund site at the Undersea Naval Warfare Center at Keyport, Washington, to treat TCEcontaminated groundwater leaching from a wetland (Gordon et al. 1997; Newman et al. 1997 ; Naval Undersea Warfare Center Division 1998). The Naval Undersea Warfare Center Division estimated that the phytoremediation method with trees would cost $3:5 million, whereas more traditional containment methods, including source treatment and removal with aquifer flushing, would cost between $12 million and $14 million. They applied hybrid poplars to the site, which saved an estimated $8:5 million to $10:5 million compared with traditional methods (Naval Undersea Warfare Center Division 1998). The University of Washington continued to study the hybrid poplars on the Keyport site for several years to better understand how the plants take up and metabolize contaminants under real-world conditions and to gain a better understanding of the practical applications of this technology (NIEHS 2002) .
In 2001, the U.S. EPA Regional Ground Water Forum released an issue paper on phytoremediation intended for remedial project managers, on-scene coordinators, and others involved in remediation of hazardous waste sites (Pivetz 2001) . The report highlights the hybrid poplar approach to degrading TCE and cites Gordon and Newman's original laboratory results as well as findings from a controlled field study they conducted at a site outside of Fife, Washington (Newman et al. 1997 (Newman et al. , 1999 .
Building off the original SRP-funded research to clean up TCE with hybrid poplar trees, the U.S. EPA used hybrid poplar trees at the Argonne National Laboratory in Batavia, Illinois, saving an estimated Case study 2: Vadose-zone characterization technology. Researchers led by Mark Brusseau, Ph.D., at the University of Arizona SRP Center developed a new set of methods to characterize contaminants in the vadose zone, a part of the subsurface that lies above the groundwater table where soil and rocks are not fully saturated with water. The approach can provide a more accurate measure of vapor-phase contaminant mass discharge, characterize mass-transfer conditions, and provide a higher-resolution characterization of the groundwater source distribution (Brusseau et al. 2010 (Brusseau et al. , 2013 Mainhagu et al. 2015) . By analyzing contaminant mass discharge, Brusseau and his research team help to better understand the distribution of contaminants at a site, which can influence assessments on the effectiveness of remediation efforts and whether they are still needed (Brusseau et al. 2011 ). According to Brusseau, results from the initial SRP work were used to leverage additional funding through the U.S. Department of Energy (DOE) and the U.S. DoD (M. Brusseau, oral communication, May 2016) .
Soil vapor extraction (SVE) can remove volatile contaminants in high-permeability regions of the vadose zone. However, after SVE has been operating for a while, remaining contamination is located primarily in the lower-permeability zones ). Brusseau and his team developed methods using data collected at the U.S. DOE's Hanford site in Washington state during cyclic operation of SVE systems to characterize the magnitude and time scale of the rate of mass flow per area, or mass flux, associated with vadose zone contaminant sources (Brusseau et al. 2010) . Follow-up testing and demonstration of the methods were conducted at a Tucson, Arizona, site on the National Priorities List (NPL), which documents hazardous waste sites eligible for longterm remedial action Mainhagu et al. 2015) .
Working with the Pacific Northwest National Laboratory, the researchers assessed the SVE performance at the Hanford site. Using his modeling strategy to calculate the source mass discharge over time, Brusseau and his team estimated that the mass discharge rate of carbon tetrachloride was expected to decrease to a rate that corresponds to the groundwater cleanup goal within 40 y after the termination of SVE operations, well within the proposed groundwater remedy timespan ; U.S. DOE 2016). The new characterization approach provided more information about the contaminant mass discharge and decreased the amount of work needed for remediation at the site; the U.S. DOE estimated that the approach led to a projected cost savings of $6:35 million (U.S. DOE 2012).
Brusseau and colleagues have used similar tools to assess remediation efforts for groundwater contamination. For example, they have assessed the efforts at the Tucson International Airport Area Superfund site. They projected that the implementation of sourcezone remediation efforts, namely in situ chemical oxidation and soil vapor extraction methods, which cost approximately $15 million and were being used at the site, eliminated approximately 50 y of pump-and-treat operations, which cost roughly $1 million per year (Brusseau et al. 2011) . Work is also underway at the Monument Valley Department of Energy site in Arizona to determine whether active remediation is needed for identified groundwater contamination (M. Brusseau, oral communication, May 2016) .
Case study 3: Activated carbon to clean up contaminated sediment. University of Maryland, Baltimore County researcher Upal Ghosh, Ph.D., and colleagues developed a technology for in situ remediation of polychlorinated biphenyls (PCBs) in sediments. The technology involves altering native sediment geochemistry by amending it with activated carbon to reduce the bioavailability, or the ability of organisms to uptake pollutants such as PCBs. SRP grantee Richard Luthy, Ph.D., and Ghosh performed initial studies on in situ sediment amendments at Stanford University (Ghosh et al. 2011 ) and patented a method to stabilize persistent organic contaminants using carbon sorbents in 2006 (Luthy and Ghosh 2006) . Based on this method, Ghosh codeveloped a technology to efficiently deliver amendments to sediments with colleague Charlie Menzie, Ph.D., through a U.S. EPA Small Business Innovation Research program grant (U.S. DoD 2016b). Ghosh has credited SRP with bringing this previously developed technology into the crucial stage of field application (U. Ghosh, oral communication, June 2016) .
The technology, called SediMite™, uses activated carbon in a special pelleted form for a low-impact delivery of sorbent amendments to sediments, reducing or eliminating the need for expensive dredging and hauling. The SediMite™ pellet allows for easy application of the amendment in lakes, rivers, and wetlands (Sediment Solutions 2017). SediMite™ is patented (Ghosh and Menzie 2010) and sold through Sediment Solutions.
The technology also has been validated through a pilot study in Canal Creek, Aberdeen Proving Grounds, Maryland. Based on field-collected sediments or wetland soils, SediMite™-applied activated carbon significantly reduced the bioavailability of PCBs and other persistent organic pollutants over the period of the pilot study with negligible adverse effects on native benthic invertebrate communities (U.S. DoD 2016a).
The technology was implemented in full scale to remediate a 5-acre lake in Dover, Delaware, in 2013 and has been selected as a component of the cleanup strategy for a contaminated sediment site in Middle River, Maryland. The activated carbon strategy includes removing contaminated sediment from >12:5 acres and in situ treatment over an additional 8.5 acres (Lockheed Martin 2016). The feasibility study for the remediation of the Middle River Complex noted that the remedy they selected, involving in situ treatment with activated carbon, would be approximately $22 million cheaper than complete removal of contaminated sediment (Tetra Tech Inc. 2013 ). This technology is being evaluated in feasibility studies and has been listed as a component of the selected remedy in several U.S. EPA Records of Decision for Superfund sites, including the Lower Duwamish Waterway and the Housatonic River (U.S. EPA 2014a, 2014b).
Case study 4: Steam-enhanced extraction method. As a professor at the University of California (UC), Berkeley, Kent Udell, Ph.D., developed a technology that enhances remediation by injecting steam into the subsurface and extracting volatile organic compounds (VOCs). Steam injection, also known as steam-enhanced extraction (SEE), enhances recovery of contaminants by volatilization, evaporation, and steam distillation of semivolatile and volatile agents (Stewart and Udell 1988) .
As an SRP grantee, Udell refined and tested the steam injection method to accelerate remediation of TCE, coal tars, creosote, and other contaminants in groundwater (Udell 1996 (Udell , 1998a (Udell , 1998b Kingston et al. 2010) .
His first full application of the SEE method was at the Southern California Edison site in Visalia, California. An innovative fullscale SEE system, consisting of 15 injection wells, was installed to enhance removal of contaminants in soil and groundwater (U.S. The technology has been applied successfully at ≥18 other sites in the United States and overseas (TerraTherm, Inc., personal communication, March 2017), including Williams Air Force Base, where it removed >2:6 million pounds (>1:1 million kilograms) of contaminants (U.S. Air Force Civil Engineer Center 2017). TerraTherm, Inc. continues to successfully apply this technology for soil and groundwater remediation (TerraTherm, Inc. 2018).
Senior U.S. EPA staff have referred to this system as the "gold standard" for highly VOC-contaminated groundwater remediation (J. Cummings, oral communication, November 2016).
Case study 5: Bioremediation of methyl tert-butyl ether (MTBE). With SRP funding, Kate Scow, Ph.D., and her team at the University of California, Davis SRP Center isolated the Methylibium petroleiphilum PM1 bacterial strain, which can completely degrade methyl tert-butyl ether (MTBE) (Bruns et al. 2001; Hanson et al. 1999; Hristova et al. 2001) . MTBE is a chemical compound once commonly used in the United States as a fuel additive in gasoline. Although the use of MTBE in fuel helped to reduce harmful air emissions, accidental releases and spills have contaminated surface water and groundwater (U.S. EPA 2017).
Researchers led by Scow, in collaboration with other research groups, sequenced the genome of PM1 (Kane et al. 2007 ) and characterized its MTBE degradation pathway (Hristova et al. 2007; Schmidt et al. 2008) .
Their discovery that the PM1 strain frequently occurs naturally led the group to examine if shifting aquifer geochemistry can stimulate its activity to break down MTBE more efficiently without the need to inoculate the site with additional bacteria (Hristova et al. 2003) . The PM1 strain degrades MTBE in groundwater via aerobic mineralization, and engineers can boost the effectiveness of bacteria that are already at the site by adding more oxygen and simple nutrients. This approach eliminated the need to purchase bacteria through vendors-at significant cost-to inoculate the site.
In collaboration with Haley & Aldrich, Inc., an engineering and environmental science consulting firm, the researchers applied the technology at the North Hollywood Tesoro Petroleum site in California. Before the treatment, MTBE concentrations were >10,000 ppb in groundwater. The plume was migrating toward and potentially threatening municipal supply wells. The team identified the presence of PM1 and set up a self-seeded field-scale bioreactor for treating the MTBE-affected groundwater (Hicks et al. 2014) .
The bioreactor at North Hollywood achieved highly efficient MTBE and tert-butyl alcohol removal in a relatively short time frame. As a result, the California Regional Water Quality Control Board approved a scale-up of the bioreactor after approximately one year of operation. In 2005, the research team increased system capacity to ensure continuous MTBE degradation. The full-scale bioreactor operated as the sole groundwater remediation activity at the site from 2005 until 2008 when the off-site portion of site remediation was completed. Once on-site soil vapor extraction remediation was deemed complete, the entire site was closed in 2011 (Hicks et al. 2014) .
Bioremediation decreased groundwater MTBE at North Hollywood from >10,000 ppb to <1 ppb in 3 y. A significant unanticipated outcome was the regulatory permission to return the water treated through this bioremediation process back into a California drinking-water aquifer. The bioreactor removed approximately 134 kg of MTBE from 164 million liters of water, with >113 million liters of treated water reinjected back into the aquifer (Hicks et al. 2014) .
In addition to treating the water more quickly and reaching levels that allowed for reuse, the technology also resulted in $14 million to $21 million in cost savings because it eliminated the need to drill two to three replacement wells at the site, which would have cost approximately 
Additional Benefits
In our assessment of the 36 projects, we also found information on other benefits stemming from SRP-funded research projects.
Creation of small businesses that promote site assessment and cleanup. Several SRP-funded technologies are being piloted in the field and have led to partnerships, small business start-ups, or both. These small businesses are focused on technologies to improve site remediation or tools to monitor contaminants. For example, Jay James, Ph.D., successfully developed a prototype of a portable sensing platform to detect mercury, resulting in a small business spin-off, which started from an SRP-funded project at the UC Berkeley SRP Center (Mishamandani 2014; Picoyune 2017) .
Water and land reuse. Some of the research projects led to cleanup of a site or remediation of groundwater, resulting in water or land reuse that may not have been possible with conventional technologies. For example, in North Hollywood, California, Scow's bioremediation method cleaned up 113 million liters of water to a level where it could be added back into a drinking-water aquifer, providing California with valuable water resources (Hicks et al. 2014) .
University-industry partnerships to improve site cleanup. In some cases, SRP researchers have formed collaborations with industry and have leveraged industry funds to build on their work. For example, in a project led by Raina Maier, Ph.D., University of Arizona researchers are working with mining companies to test ways to minimize the amount of amendments and soil cover needed to successfully revegetate an area above a mining site, which can drastically reduce revegetation costs. After a 2-y industry-university research period, the three mining industry partners were pleased with the results and renewed their contracts in June 2016, agreeing to cover 100% of the research costs moving forward (R. Maier, oral communication, June 2016; University of Arizona SRP Center 2016).
Innovative "green" technologies. The SRP supports sustainable remediation technologies that are cost effective and that are appreciated by local communities (Henry and Suk 2017) . Many of these technologies are still in development. For example, researchers led by Akram Alshawabkeh, Ph.D., at Northeastern University are developing a solar-powered remediation system to remove TCE from groundwater. They are evaluating the cost effective and sustainable in situ electrochemical process, which uses a solar panel for power, for potential field application (Fallahpour et al. 2016) .
Serendipitous discoveries that translate to other fields. Some SRP-funded projects have led scientists and engineers to other discoveries outside the scope of SRP research. For example, SRP researchers led by Joan Curry, Ph.D., at the University of Arizona were working to develop an iron carbonate material to sequester arsenic and other metals from soil. They found that this material may be a good alternative to concrete because it is stronger and more flexible, and it can also absorb and trap carbon dioxide, making it a carbon-negative material (NIEHS 2007) . Dave Stone, Ph.D., the student working on the project, is reportedly in the early stages of further developing and commercializing the concrete technology (Neithalath et al. 2016; IronKast 2017) .
Themes and Considerations Moving Forward
Documenting research benefits can be challenging. Because the time between technology development and realization of benefits can be long (Guinea et al. 2015) , we found many projects that are in the process of testing or applying technologies that have potential for substantial benefits in the future. However, many of them have not reached the point where cost savings can be calculated. Cost savings from site monitoring technologies can also be difficult to determine because many of them are not listed as part of the site remedy. In addition, attribution of key contributors to outcomes and multiple funding sources for research projects make it difficult to associate benefits to specific research programs.
Application of technologies after their initial use in the field is difficult to track. Researchers often do not follow technology after its initial application. Because there is not a centralized method of identifying tools and technologies that have been used to clean up hazardous waste sites, a researcher may not know that his or her technology has been taken up by a site manager/ assessor and used at other locations. New technologies may be used at nearby sites or by the same site managers but may not extend beyond that region.
Benefits of negative research results that save money are also difficult to document. In one project, money was saved because researchers used an SRP-funded method to test the proposed remediation technology for a site and found no mechanistic evidence that applying the proposed technology could achieve the desired cleanup goals (S. Chillrud, oral communication, May 2016). This finding saved the time and money that would have been lost had the application of the technology moved forward, but these cost savings are hypothetical and are difficult to quantify.
Patent success does not equate to successful field application of a technology. SRP-funded researchers have obtained >150 patents for biomedical tools, therapeutic approaches, remediation tools, sensors and detectors, and alternative energy approaches (NIEHS 2010) . Some of these technologies are being developed as commercial applications by spin-off companies.
However, some factors beyond the quality or potential of a research project discourage patent filings among researchers and institutions (The Economist 2015). The patent application process is lengthy and costly. Some researchers are uncertain of the benefits of patents, and some said they felt the patent process would inhibit or delay application of their research.
Patents are often filed when a product is still years from application, and only approximately 5% of patents are licensed at universities (Ledford 2013) . Consistent with this finding, only a few patents from SRP research have been licensed for commercial application.
SRP efforts support fundamental and transdisciplinary research and training. Researchers noted that the SRP is a key player in supporting basic and applied research for new remedial and site monitoring technologies. In addition, the SRP framework brings together distinct scientific disciplines. One researcher noted how the SRP facilitated an interaction between engineers and microbiologists, which helped to advance a technology related to bioremediation (L. Abriola, oral communication, August 2016). She added that they would not have been able to do that work without SRP support. Another researcher noted that the SRP has successfully supported "risky" technologies, which may be in very early stages of development, that end up promoting innovation and saving money (R. Halden, oral communication, June 2016). Grantees also emphasized that the SRP provides an excellent platform for trainees to gain experience in problem-solving, solutionoriented investigations. Grantees are encouraged to conduct research in a highly collaborative environment and often work with stakeholders when their projects involve field testing or application (Carlin et al. 2018) . The SRP supports research translation, which includes support for assistance on how to commercialize technologies. These wide-reaching networks, like those fostered by the SRP, may be an effective way to share resources and experiences to assist researchers in the commercial realm.
Conclusion
Across many SRP projects, we found examples of how identifying and nurturing cutting-edge transdisciplinary research projects is key to developing new tools and technologies that could save money. It often takes time for researchers to develop partnerships and for the benefits of the research to be realized (Guinea et al. 2015) . We contend that funding these projects for periods long enough to support development and application encourages researchers to follow the trajectory of their work. Furthermore, this support may help funding organizations identify the longterm benefits of their investments.
By documenting economic and societal benefits, we also provide insight into how SRP-funded basic research establishes a foundation of knowledge that can be built upon and translated to realworld applications. We found that the use of a customized case study approach to capture examples of how the SRP is addressing one of its mandates-namely, to develop basic biological, chemical, and physical methods to reduce the amount and toxicity of potentially hazardous substances in the environment-was valuable in identifying a diverse range of research outcomes and identifying technologies that provide faster and/or cheaper remediation of potentially hazardous substances. In addition to creating tools that are more cost effective, we also found that SRP-funded researchers provide sustainable solutions that decrease exposures, create collaborative research networks and small businesses, and increase our understanding of potentially hazardous substances.
Our assessment revealed the difficulty of obtaining information on how research findings and technologies are used beyond the aims of a research grant. Nonetheless, it is important to make the connections along the trajectory from fundamental knowledge to application in order to reduce or eliminate exposures to suspected hazardous substances and improve public health. We believe future efforts can be made to refine the research evaluation process so that the value of research can be appreciated. Translation of research findings is a critical component of the SRP. The shared successes and insights we have gained through this process have helped to support application of technologies from the bench to the field. Lessons learned from this approach might be applied to improve benefit analyses in the future by improving data collection during research, technology development, and its application. This is just the first stage of a project to identify the benefits of SRP-funded research over the last 30 y In addition to estimating cost savings from new detection and remediation tools, estimating cost savings associated with public health benefits is also important-and is an avenue to explore moving forward.
